Like virtually all age-related chronic diseases, late-onset Alzheimer's disease (AD) develops over an extended preclinical period and is associated with modifiable lifestyle and environmental factors. We hypothesize that multimodal interventions that address many risk factors simultaneously and are individually tailored to patients may help reduce AD risk. We describe a novel clinical methodology used to evaluate and treat patients at two Alzheimer's Prevention Clinics. The framework applies evidence-based principles of clinical precision medicine to tailor individualized recommendations, follow patients longitudinally to continually refine the interventions, and evaluate N-of-1 effectiveness (trial registered at ClinicalTrials.gov NCT03687710). Prior preliminary results suggest that the clinical practice of AD risk reduction is feasible, with measurable improvements in cognition and biomarkers of AD risk. We propose using these early findings as a foundation to evaluate the comparative effectiveness of personalized risk management within an international network of clinician researchers in a cohort study possibly leading to a randomized controlled trial.
Introduction
Alzheimer's disease (AD) is the most common form of dementia and the sixth leading cause of death in Western societies, presenting a significant public health challenge [1] . It is now recognized that late-onset AD begins decades before a diagnosis of dementia, with a long prodromal phase often beginning in midlife [2] . The earliest part of this prodromal phase is called preclinical AD and involves no observable cognitive symptoms but offers a large window of opportunity for early intervention [3, 4] .
Evolving evidence has helped define target age groups for implementing risk reduction interventions for AD [5, 6] . Among people aged 85 years (an age at which more than 30% have developed dementia due to AD), brain pathology began between the ages of 55 and 65 years [7] . Similarly, in people aged 65 years (an age at which about 10% have developed dementia due to AD), brain pathology began between the ages of 35 and 45 years [7] . Thus, AD may be more aptly termed a younger and middle-aged persons' disease. Early intervention is especially important as recent estimates have found that more than 46 million Americans currently have preclinical AD [8] .
Considering recent setbacks in drug development, new approaches for early detection of AD and intervention geared toward prevention are necessary [9] . As such, over the last several years, it has become more common for health care providers to deliver direct clinical care in the subspecialty of AD risk reduction, with a number of clinics focusing on both risk assessment and early intervention [10] . Lifestyle and environmental interventions differ in terms of level of evidence for effectiveness, and published studies have used a variety of interventions. However, the general clinic approach is to recommend interventions that have minimal to no risk, along with empirical evidence of efficacy-without overpromising on the expected results (see Appendix A for more information).
In this article, we describe a clinical approach used since 2013 to evaluate and treat patients at risk for AD at the Alzheimer's Prevention Clinic (APC) at Weill Cornell Medicine and NewYork-Presbyterian, and since 2016 at the Alzheimer's Prevention Clinic and Research Center in San Juan, Puerto Rico.
With this approach, clinical care begins by evaluating AD risk and then providing a comprehensive plan toward risk reduction. Longitudinal follow-up occurs every 6 months to evaluate the N-of-1 effectiveness of the approach, while continually refining the precision interventions [10, 11] . Nof-1 trial design considers the individual patient as the sole unit for observation, comparing the patient to himself or herself at baseline and then adjusting the management plan to achieve specific goals [12] .
Our experience thus far suggests that patients will engage in outpatient risk reduction care and remain committed over an extended period of time. Therefore, the clinical practice of AD risk reduction can be a viable construct in medical practice. Preliminary analyses have also demonstrated measurable improvements in cognition and biomarkers of AD risk [13] [14] [15] [16] [17] with differential effects associated with a variety of factors such as patient compliance and genotype. Additional analyses are ongoing [13] [14] [15] . We propose using these early findings as a stepping stone to accomplish four key goals: (1) more rigorous study of the comparative effectiveness of personalized risk management to help improve quality of life and eventually reduce the global burden of disease; (2) establish a network of clinician researchers who can apply and continually refine this framework for AD preventive care; (3) support the design of a large multisite international study to validate clinical effectiveness; and (4) advocate for public and private funding to move health services research into the realm of precision medicine clinical trials.
Background
Several known modifiable factors are associated with increased risk for AD development, such as hypertension and physical inactivity [18, 19] . In fact, findings from population-attributable risk models estimate that one in every three cases of AD may be related to modifiable risk factors [20] . Targeting modifiable AD risk factors [21] through a comprehensive approach incorporating exercise and nutrition counseling, micronutrient supplementation, and pharmacological treatment of conditions such as insulin resistance [22] [23] [24] [25] [26] and hypertension represents a practical method for potentially reducing AD risk [27] . Each of these categories of risk factors may influence pathological pathways leading to AD (e.g., amyloid burden, dysregulation of glucose metabolism, inflammation, oxidative stress, trophic factor release, calcium toxicity) and are consequently targeted [20, 28] . Several randomized controlled trials (RCTs) [29] [30] [31] have provided persuasive evidence that lifestyle and dietary interventions can help people at risk for developing AD maintain cognitive function and potentially delay cognitive decline.
Of particular importance is the Finnish Geriatric Intervention Study to Prevent Cognitive Impairment and Disability (FINGER) [29] . This 2-year, multidomain randomized controlled trial found that a combined evidencebased program of a brain-healthy diet, exercise, cognitive training, and stimulating social activity, teamed with careful monitoring of vascular risk, helped improve or maintain cognitive function in an elderly cohort at risk for AD [29] . Response to this multidomain intervention proved beneficial regardless of participants' baseline characteristics, which gives greater impetus for implementation across the general population at increased risk for dementia [32] .
Intervention design
APC's mission is to care for patients at risk for AD and provide personalized therapeutic interventions, based on individual risk factors, through clinical precision medicine. The National Institutes of Health defines precision medicine as "an emerging approach for disease treatment and prevention that takes into account individual variability in genes, environment, and lifestyle for each person" [33, 34] . A term used for adaptation of this approach in an APC setting is clinical precision medicine, whereby the use of an expanded clinical history (e.g., neurodevelopment, academic trajectory, past and current lifestyle patterns, environmental exposures, and life course events) is combined with past medical history and physical/ neurological examination and then interpreted in conjunction with anthropometrics, blood biomarkers (including genetics), and cognitive performance [16, 17] . A multimodal management plan is then crafted by evaluating each point of data within the context of other data points and then following the patient longitudinally to evaluate the effectiveness of, and further refine, this clinical precision medicine intervention. We simultaneously consider multiple data points to maximize potential reliability of the medical decision-making process (while also evaluating potential synergistic effects or interactions between different risk factors). In addition, we examine overall patterns that are indicative of a specific pathological pathway and use that information to guide management. For example, if a single cholesterol marker is borderline elevated (e.g., low-density lipoprotein [LDL]) but not to the degree where outright intervention is required, we will rely on other data points (e.g., coronary calcium scan if available, advanced cholesterol markers such as LDL-P, and calculated cardiovascular risk scale profile) to decide whether to intervene, thus maintaining a comprehensive personalized approach informed by the totality of data.
Methodology

Initial evaluation
The initial APC visit includes an assessment carried out by a member of our clinical team who has extensive training in the practice of AD risk reduction, including a boardcertified neurologist and/or family nurse practitioner in New York and a neuropsychologist and board-certified internist in Puerto Rico. Patients are given the option to consent to having their clinical data added to the APC Comparative Effectiveness Dementia & Alzheimer's Registry (CEDAR), an Institutional review board-approved observational data repository (Weill Cornell Medicine Protocol #1408015423), and enroll in the trial registered at ClinicalTrials.gov (NCT03687710). The registry facilitates the longitudinal study of outcomes based on multimodal precision interventions. Extensive counseling and patient education are given in person by the treating clinician during the visit, with a focus on clinical recommendations and genetic counseling (see Appendix A for additional details on clinic visit structure and Table 1 for a comprehensive list of data points assessed and follow-up time points).
Clinical history and physical examination
The cornerstone of developing a comprehensive AD risk management plan is the patient's clinical history, which is obtained at the initial clinical encounter (Appendix A, Table 2 ). This information provides the framework for the treatment plan and allows the clinician to target specific areas of concern (see Appendix A for more details).
During the visit, clinical staff take the patient's vital signs and perform a physical and focused neurological examination. Careful attention is paid to mildly elevated blood pressure, as prehypertension in midlife has been associated with increased dementia risk [35] . Focal deficits or asymmetries identified on examination may also suggest otherwise subclinical cerebrovascular pathology.
Clinical data
Clinical management decisions are evidence based and rely significantly on the "ABCs" of AD prevention ( Fig. 1 ). This method allows for the stratification and consideration of key factors including (A) anthropometrics (e.g., % body fat, lean muscle mass, waist-to-hip ratio); (B) blood biomarkers (e.g., genetic analysis; lipid profile; inflammatory, metabolic, and nutritional biomarkers); and (C) cognition (via computer-based and traditional neuropsychological testing).
These factors are used, in combination with clinical history, to more definitively assess risk and devise an initial intervention plan by implementing the emerging clinical precision medicine practice of "deep phenotyping" [36] . This approach provides clinicians with the knowledge needed to prioritize specific treatments and the requisite data to evaluate a patient's progress over time in an N-of-1 fashion [10] .
General intervention categories informed by the "ABCs" include targeted cardiovascular risk factor management, physical exercise, nutrition (dietary patterns and/or single nutrients or multinutrients), sleep, cognitive engagement, cognitive enhancement, social interaction, sense of purpose, stress management, oral hygiene, and ongoing care with a primary care physician, among other areas (such as clinical trials).
An essential strategy that provides the foundation for this multimodal treatment approach is to "triangulate" the interpretation of specific categories of data (clinical history, anthropometrics, blood biomarkers, genetics, cognition) within the context of other key data points. Management decisions are then made via interpretation of several subjective and objective measures across domains. For example, when blood biomarkers of AD risk are borderline, and cognitive function across domains is lower than expected based on norms and/or based on that individual's level of crystallized intelligence, then the clinician may use cognitive performance as an indicator of whether to be more attentive to evidence-based low-risk modifiable risk factor interventions (and/or referral to a subspecialist physician) that would otherwise not have been considered. This novel approach of using cognitive measures to inform management decisions of clinical data (e.g., lipids) is similar to the approach From a practical clinical perspective, the concept that traditional reference ranges (usually defined as the set of values that 95 percent of the healthy population falls within) can be broadly applied in the management of AD risk reduction may not be well suited for optimal preventative care. It may be more prudent to instead rely on setting individual targets for each patient based on his or her overall constellation of risk, while considering a surrogate marker of end-organ function of the brain (e.g., performance on cognitive testing). Incorporating this concept into the development of the clinical management plan is further discussed in Appendix B.
AD diagnosis can be improved by the use of biomarkers, particularly in a research setting [38] . The wide array of biological measures of functional impairment, neuronal loss, and protein accumulation that may be assessed by brain imaging (e.g., magnetic resonance imaging with special attention to hippocampal volumes and regional atrophy; amyloid and/or fluorodeoxyglucose-positron emission tomography) and/or cerebral spinal fluid analysis are increasingly being Return to APC for informing clinical visit (1 hr). Extensive discussion of the anthropometric, blood biomarker, and cognitive testing results occurs, combined with genetic counseling. Additional counseling about the precision medicine recommendations suggested is also provided. Timepoint 5 (month 5)
Return to APC for follow-up laboratory, anthropometric, and neuropsychological assessments (2-2.5 h) Timepoint 6 (month 6)* Return to APC for follow-up clinical visit (1 h). Discussion regarding interim clinical history and data review, followed by one-onone counseling by the treating clinician occurs (including discussion of compliance barriers, when present).
Abbreviations: AD, Alzheimer's disease; APC, Alzheimer's Prevention Clinic. *Repeat every 6 months or as ordered by physician. used, particularly in research settings [39] . In clinical practice today, however, there are many barriers including cost, limited availability in some practice settings, invasive nature of the tests, and unclear applicability of test results to clinical management. In addition, the clinical usefulness of these biomarkers is not yet clearly established, resulting in limited reimbursement by insurance providers. In addition, considering the broad age range of APC patients thus far (age 27-86 years, mean 59.6), traditional AD biomarkers may be less applicable in our young and middle-aged patients.
Clinical precision medicine intervention
A successful AD risk-reduction program must include evidence-based interventions for which potential benefits are more likely to outweigh any potential risks. The general categories of therapies include patient education and counseling and pharmacologic (medications, vitamins, supplement) and nonpharmacologic approaches (see Appendix C for additional details).
For example, a sedentary, postmenopausal 60-year-old woman (apolipoprotein E4 [APOE ε4/ε4] homozygote) with no subjective cognitive complaints and a past medical history of high cholesterol and abdominal obesity who is found to have elevated visceral body fat, insulin resistance, and normal (albeit below optimal) memory function will receive comprehensive recommendations. These may include patient education about the potential risks and benefits of long-term hormone replacement therapy, physical exercise counseling that includes a targeted amount and type of aerobic versus resistance training (geared for bodyfat reduction), nutrition advice focusing on the Mediterranean-style dietary pattern (with special attention to extra-virgin olive oil and fatty fish consumption to address elevated LDL and low HDL-cholesterol) while limiting high-glycemic foods (based on insulin resistance) and supplementing with cocoa flavanols (considering insulin resistance and lower than expected memory performance), as well as a host of other detailed recommendations such as sleep hygiene, cognitive engagement strategies, stress management, ongoing care with her primary care physician (Fig. 2) , and information on ongoing AD prevention clinical trials (e.g., Generation 1 and 2), which she may qualify for based on genotype and/or age [17, 20, [40] [41] [42] [43] [44] [45] [46] [47] [48] . An introductory course on AD prevention that has been shown to increase knowledge and willingness to participate in an AD prevention clinical trial will also be suggested via the online learning portal AlzU.org [49] . (See Appendix C for additional details on the precision approach). These recommendations are likely to differ from clinician to clinician in different practice settings and depending on availability of resources, yet it is essential to study the comparative effectiveness of these varied approaches and let the outcomes data inform future practice patterns.
Although medical practice is both an art and science that cannot be confined to any one specific algorithm, the therapeutic interventions described here focus primarily on the most common recommendations given in our clinical practice [50] . Each recommendation in Appendix C lists which of the key categories of data (clinical history, anthropometrics, blood biomarkers, genetics, cognition) are considered when making a management decision. Gender considerations are also made (e.g., greater attention to anthropometric/serum metabolic risk markers and the APOE4 genotype in women, vs. greater attention to muscle mass in men), but a full discussion of these emerging data is beyond the scope of this article [40, 51, 52] .
Challenges in the practice of AD risk reduction
Clinical practice in the field of AD risk reduction has not been without challenges. Determination of which objective measures to track over time required input from a team of multidisciplinary experts. For example, selection of cognitive instruments that would be sensitive to change in an asymptomatic cohort required extensive consultation with neuropsychologists and other clinicians, as well as initial experimentation in diverse patient groups. Traditional cognitive assessment methods and composite batteries utilized initially had ceiling effects that made it difficult to adequately evaluate response to therapy.
Incorporating the continually evolving evidence into daily practice, including disconfirming evidence, also poses challenges in medical decision-making. Although a detailed review is beyond the scope of this article, some studies have provided inconsistent data for the use of certain pharmacologic and nonpharmacologic interventions for improving brain health. For example, in the recent case of the Multidomain Alzheimer Preventive Trial (MAPT), the lack of positive findings may have been a result of factors such as study design, subjects recruited, outcomes measured, and specific interventions tested. Consideration of these factors is essential when deciding how to incorporate such findings into clinical practice [53, 54] . Further studies are warranted to more accurately understand why these interventions failed; however, it seems prudent to focus on a younger population with precision medicine interventions of a longer duration (see Appendix D for additional discussion).
Another challenge is the lack of well-defined mechanisms for reimbursement of medical care related to preventative interventions, which can pose fiscal challenges. APC providers accept most major United States medical insurance plans and use the traditional evaluation and management (E/M) billing codes for visits that conform to the modifiable AD risk factors that clinicians treat. Notwithstanding, there are also a wide array of costs (e.g., time, money) to the patient, family members, health care providers, clinic, as well as health care system, including opportunity costs (which are difficult to measure and track). Recent estimates have found that early AD diagnosis may lead to $7 trillion in savings in the US alone, due to the long degenerative stage requiring extensive medical management [55, 56] . This very large potential benefit would need to be weighed against the cost of broadly implementing risk-reducing interventions in a clinical setting before indiscriminate implementation.
Patient demand for risk reduction services may vary, depending on a variety of factors (e.g., practice setting, clinic -(2018) 1-11 location). For clinicians already practicing in the area of dementia care, a natural first step is to offer preventative services to family members at risk. Other outreach initiatives that initially generated interest included community lectures by clinic staff, hospital announcements (which led to referrals from other physicians), and postings on social media as well as traditional media. Referral sources are tracked, and the most common sources generally have included newspaper articles, physician referrals, community lectures, and "word of mouth." Our public education clinical trial (www.AlzU.org, NCT03149380) includes links to several established clinics and has generated a steady source of interest, yet with more than 1,200,000 unique visits (from 56 countries) in the last few years, it has not been possible to accommodate in-person appointments for all those who have subsequently expressed interest. AlzU.org has helped to increase patient demand and increase willingness to participate in AD prevention clinical trials [49] (see Appendix E for additional discussion).
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Given the likelihood of continued growth in AD prevention research in clinical settings, health care providers should be mindful of the ethical implications. Although the Risk Evaluation and Education for Alzheimer's Disease (REVEAL) study demonstrated that APOE4 disclosure to adult children of AD patients did not result in significant short-term psychological risks, it remains important to use careful clinical judgment and counsel patients accordingly, before ordering genetic testing [57, 58] . Clinician researchers should also weigh the potential risks and benefits of disclosing certain clinical data, such as cortical amyloid deposition [59, 60] . Finally, issues of distributive justice should be considered to avoid disproportionately reallocating resources away from those already diagnosed with dementia due to AD to those who are currently in need of therapeutic advances.
Next steps and future directions
Accumulating evidence suggests that modifiable risk factors for AD can be addressed in an effort to delay onset [20, 61, 62] . However, to date, a comprehensive and feasible clinical framework for risk reduction and comparative effectiveness research for complex multimodal interventions has been lacking. The paradigm described in this article presents an evidence-based, structured and novel framework for risk assessment and early intervention that has been feasibly applied at two APC centers [17] . From a practical clinical perspective, this approach would be applicable to the tens of millions of patients worldwide at risk for, or already experiencing, the earliest presymptomatic (stage 1) and mildly symptomatic (stage 2) predementia phases of AD [8] .
To date, our programs have enrolled more than 600 patients, and preliminary analyses demonstrate measurable benefits on a host of cognitive measures and blood biomarkers related to AD risk. Differential effects have also been found based on patient compliance and genotype [13] [14] [15] [16] . Additional analyses are currently ongoing, and further study is warranted to determine which strategies, if any, are most effective. It also will be necessary to evaluate the most optimal study population in which to intervene. For example, although the exact critical period of intervention is still unclear, this framework has been applied by APC to asymptomatic patients ranging from their third to ninth decade of life in an effort to achieve both primary and secondary AD prevention.
Establishing a larger network of clinics will increase the number and diversity of patients studied, and an initial step toward building an international consortium of related programs is currently underway. This collaborative approach, which includes resource sharing, collegial mentorship, and ongoing peer-to-peer communication, will increase the likelihood for success. Harmonization of the varied assessments, outcome measures, and evaluation time points will also help strengthen the validity of research results.
As the field evolves, clinician researchers should continue to learn from each other and continually modify their approaches. To accomplish this, rigorous data collection methods will be needed to cross-compare individual risk-reduction paradigms that may be practiced across different clinical specialties and locations, depending on available resources and/or subspecialty expertise. Collecting these data in a comparable way will allow fair comparisons to be made to assess outcomes of different strategies, allow for prioritization and paring down of measures formally assessed as the body of evidence grows, and enable deeper understanding of the predictability and repeatability of approaches.
Dissemination of successful risk-reduction approaches to a broad and diverse range of specialties (e.g., Internal Medicine, Family Medicine, Neurology, Psychiatry, Geriatric Psychiatry, Preventative Cardiology, Geriatrics) will provide additional incentive for patients to implement healthy lifestyle changes and help lay the groundwork for establishing this field as an area of medicine practiced across primary care and/or subspecialty practice. Building upon these experiences, and through continued collaborative efforts across medical specialties, the next logical step is to replicate AD risk reduction clinical practice in additional cohorts globally. It will be necessary for international advocacy initiatives to generate public and private support and funding for this realm of health services outcomes research, with the goal of conducting a broad-scale, multisite study powered to definitively evaluate clinical efficacy of the different types of comparative effectiveness intervention paradigms. Ultimately, the creation of a robust and well-characterized data set (both genotypically and phenotypically) will enable predictive analytics, involving traditional statistical learning and artificial neural networks, to help automate patient recommendations, improve access to care, and optimize clinician workflow [63, 64] . Moreover, the practical application of clinical care augmented by predictive analytics will most likely fall within the continuum of entirely human-guided versus fully machine-guided patient care [64] .
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